Antisense oligonucleotides are used for therapeutic applications and in functional genomic studies. In practice, however, many of the oligonucleotides complementary to an mRNA have little or no antisense activity. Theoretical strategies to improve the`hit rate' in antisense screens will reduce the cost of discovery and may lead to identi®cation of antisense oligonucleotides with increased potency. Statistical analysis performed on data collected from more than 1000 experiments with phosphorothioate-modi®ed oligonucleotides revealed that the oligo-probes, which form stable duplexes with RNA (DG o 37`± 30 kcal/mol) and have small self-interaction potential, are more frequently ef®-cient than molecules that form less stable oligonucleotide±RNA hybrids or more stable selfstructures. To achieve optimal statistical preference, the values for self-interaction should be (DG o 37 ) b ±8 kcal/mol for inter-oligonucleotide pairing and (DG o 37 ) b ±1.1 kcal/mol for intra-molecular pairing. Selection of oligonucleotides with these thermodynamic values in the analyzed experiments would have increased the`hit rate' by as much as 6-fold.
INTRODUCTION
Antisense oligonucleotides in current use are modi®ed DNA molecules that hybridize to complementary mRNA and inhibit expression of its encoded product. In principle, the antisense approach is universal and speci®c. It can be used to inhibit expression of any mRNA, and a single protein isoform can be shut down without affecting closely related proteins. Antisense oligonucleotides are used for therapeutic applications and in functional genomic studies. In practice, however, many of the oligonucleotides complementary to an mRNA have little or no antisense activity. Typically, several oligonucleotides are synthesized and tested and only some are active. Theoretical strategies to improve the`hit rate' in antisense screens will reduce the cost of discovery and may lead to identi®cation of antisense oligonucleotides with increased activity or potency. Theoretical prediction of RNA target sites for active oligonucleotides is related to the development of algorithms that can locate single-stranded regions in RNA secondary structure models (1±7). There is some experimental evidence that oligonucleotides designed to target these non-structured RNA regions are indeed frequently ef®cient in downregulation of particular gene products (1±5). It is not known how much oligonucleotide self-pairing decreases the`hit-rate'. Software for calculation of thermodynamic properties of oligonucleotide structure, target RNA structure and duplex formation has been developed (7) . However, correlations between these thermodynamic properties and the`hit rates' for large databases of antisense experiments have not yet been reported. This study supplies the missing information.
MATERIALS AND METHODS

Databases
For this work, two databases were used. The ®rst one includes data from antisense oligonucleotide screening experiments reported in the literature (8) . This database is available on the Web (http://antisense.genetics.utah.edu). The second database utilizes the data from experiments performed at Isis Pharmaceuticals and were not yet reported in the literature. These databases include activity values and antisense oligonucleotide sequences. Activity value is expressed as the ratio of the level of a particular mRNA or protein measured in cells after treatment with the experimental antisense oligonucleotide versus the level of the same mRNA or protein measured in untreated cells. There are 316 oligonucleotides in the ®rst database and 908 in the second.
Thermodynamic calculations
Thermodynamic properties for oligonucleotides and relevant duplexes were calculated using the programs OligoWalk (7) 
Statistical analysis
Statistical tools from Excel (Microsoft, Inc.) were used for correlation analysis (t-test) and scatter plot data presentations.
RESULTS AND DISCUSSION
Statistical analysis has been performed on data collected from more than 1000 experiments with phosphorothioate-modi®ed antisense oligonucleotides. Oligonucleotides that form stable duplexes with RNA [free energies (DG o 37 )`±30 kcal/mol] and have small self-interaction potential are statistically more likely to be active than molecules that form less stable oligonucleotide±RNA hybrids or more stable self-structures. To achieve optimal statistical preference, the values for selfinteraction should be (DG o 37 ) b ±8 kcal/mol for interoligonucleotide pairing and (DG o 37 ) b ±1.1 kcal/mol for intra-molecular pairing. Selection of oligonucleotides with these thermodynamic values in the analyzed experiments would have increased the proportion of active oligonucleotides by as much as 6-fold. The equilibrium af®nity of an oligonucleotide for target RNA is in¯uenced by the stability of the potential RNA±DNA duplex and by the stability of competing structures including the oligonucleotide self-structure and the target RNA structure. The program OligoWalk (7) calculates DG o 37 values for each of these structures. In addition, DG o overall , the overall Gibbs free energy change of RNA binding at 37°C for each oligonucleotide, is determined. These DG o overall values are calculated by consideration of DG o 37 values relevant to the predicted stability of the oligonucleotide±target duplex and the competition with predicted secondary structure of both the target and the oligonucleotide. Both DG o 37 values relevant to inter-and intra-molecular oligonucleotide self-structures are considered at a user-de®ned concentration. In theory, the ef®ciency of oligonucleotide±RNA binding should correlate positively with the stability of the potential RNA±DNA duplex and correlate negatively with the stabilities of the oligonucleotide and mRNA secondary structures. Thus DG o overall should correlate with experimental ef®cacy of the oligonucleotides better than any individual parameter.
Our ®ndings for the database of experiments reported in the literature are shown in Table 1 . Surprisingly, the correlation between values of DG o overall and antisense oligonucleotide ef®cacy is very weak. Moreover, the stability of RNA secondary structures that must be disrupted for oligonucleotide±RNA helix formation does not correlate signi®cantly with antisense ef®cacy. However, signi®cant correlation was detected between antisense ef®cacy and DG o T values associated with the stability of oligonucleotide selfstructures and oligonucleotide±RNA duplexes. The lack of correlation between ef®cacy and the stability of mRNA secondary structure may be due to inaccuracies in the mRNA secondary structure prediction and other factors discussed previously (7) . Because no correlation was found for the predicted RNA secondary structure stability with antisense activity, and because the theoretical prediction of RNA secondary structure by free energy minimization is the most time consuming step of the calculations, we focused further statistical analysis on thermodynamic parameters of the oligonucleotides and their duplexes with the target RNA. The previous studies of hybridization data produced with oligo-probes immobilized on arrays demonstrated that consideration of duplex stability between DNA and RNA, as well as considerations of oligonucleotide self-structure stability, can be suf®cient for elimination of oligo-probes that hybridize poorly with the targets (14, 15) .
Scatter plots (Fig. 1) illustrate the relationship between activity and thermodynamic properties of antisense oligonucleotides from both the published and Isis databases. Since the slope of the trend line in scatter plots indicates the existence of a correlation between two variables, a correlation between thermodynamic evaluation of oligonucleotide±RNA duplex stability and antisense ef®cacy is evident for both databases (Fig. 1, top two plots) , especially for subsets of data in the range of DG o 37 duplex values from ±30 to ±10 kcal/mol. Flattening trend lines for subsets of data with DG o 37 duplex values < ±30 kcal/mol indicate a very weak correlation, or its absence. Categorization of databases into two groups was done with DG o 37 duplex = ±30 kcal/mol as a cut off point. The ®rst group included oligonucleotides that target RNA with less favorable free energy for duplex formation (DG o 37 duplex values ranging from ±30 to ±10 kcal/mol), i.e. oligonucleotides that form less stable duplexes with RNA. The second group includes oligonucleotides that target RNA with more favorable free energy for duplex formation (DG o 37 duplex ranging from ±40 to ±30 kcal/mol), i.e. oligonucleotides that form more stable duplexes with RNA. The second group in each database is smaller than the ®rst group (30 and 16% from the total number of molecules in the published and Isis data, respectively). For both databases, positive correlations between oligonucleotide activity and absolute values of DG o 37 duplex for oligonucleotide±RNA duplexes were signi®-cant for the ®rst group and not signi®cant for the second (Table 2 ). In contrast, negative correlations between oligonucleotide activities and absolute DG o 37 values of oligonucleotide self-pairing were undetectable in the ®rst group, but were highly signi®cant for the second ( Table 2 ). The relevant scatter plots (Fig. 1, middle and bottom plots) demonstrate the relationship of activity of antisense oligonucleotides and thermodynamic evaluations of their self-pairing potentials. The slopes of the trend lines indicate the existence of a negative correlation between these variables for the second group of molecules. As mentioned earlier, relevant correlations were not detected for oligonucleotides from group 1, and the scatter plots with¯at trend lines are not shown. Published data DG°3 7 of oligo-target duplex versus ln(activity) 0.36 0.00017 219 50 DG°3 7 of oligo intra-molecular structure versus ln(activity) Signi®cant correlation is absent DG°3 7 of oligo intra-molecular structure versus ln(activity) Signi®cant correlation is absent Isis data DG°3 7 of oligo target duplex versus ln(activity) 0.35 2 Q 10 ±23 762 44 DG°3 7 of oligo intra-molecular structure versus ln(activity) Signi®cant correlation is absent DG°3 7 of oligo-intra-molecular structure versus ln(activity) Signi®cant correlation is absent Group 2 oligos that are forming more stable duplexes with target RNA (DG°3 7`± 30kcal/mol) Published data DG°3 7 of oligo target duplex versus ln(activity) Signi®cant correlation is absent 97 68 DG°3 7 of oligo intra-molecular structure versus ln(activity) 0.37 0.00017 DG°3 7 of oligo intra-molecular structure versus ln(activity) ±0.27 0.006 Isis data DG°3 7 of oligo target duplex versus ln(activity) Signi®cant correlation is absent 146 73 DG°3 7 of oligo intra-molecular structure versus ln(activity) ±0.22 0.007 DG°3 7 of oligo intra-molecular structure versus ln(activity) ±0.3 0.003
The list of potential explanations for the scatter in groups 1 and 2 in Figure 1 include: variations in local secondary structure stabilities of RNA targets that were not picked up by OligoWalk, variations in uptake of oligonucleotides in different experiments, differential degradation in cells, or variations in intensities of non-speci®c interactions with undesired RNA targets.
The results of the correlation analysis for the oligonucleotides in the database of published data are presented graphically in Figure 2 , and the results for the database of Isis unpublished data are in Figure 3 . For both databases, the proportion of oligonucleotides with high antisense ef®cacy is larger in the group predicted to form more stable oligonucleotide±RNA duplexes than in the group that forms less stable hybrids. Figures 2 and 3 also graphically illustrate a negative correlation between antisense activity and the propensity for formation of self-structure by the group of oligonucleotides that are also able to form stable oligo±RNA duplexes. The thermodynamic parameters for phosphorothioate-modi®ed DNA oligonucleotide hybridization are not available from the literature, and thus the parameters for non-modi®ed DNA were used as an approximation. It is possible that a speci®c set of parameters for phosphorothioates would improve the correlation with antisense activity.
Oligonucleotide self-structure formation can compete with oligonucleotide binding to target RNA. During antisense oligonucleotide experiments, the concentrations of oligonucleotides are usually much higher than those of the relevant mRNAs. Therefore, oligonucleotide self-interaction may decrease the`hit rate'. Among the oligos that form the more stable duplexes with RNA, those which are predicted to form strong intra-and inter-molecular self-structures are not as active as those with little self-structure.
The issue of the reliability of the DG o 37 calculations relevant to the stability of intra-molecular oligo-probe structures is still open. For example, many factors in¯uence hairpin stability, including sequence of the loops and the identity of the base pairs that close loops. Parameters for these factors are not adequately included in the current version of the software. Nevertheless, the highly signi®cant correlations found in the present work between experimental and theoretical values in antisense oligonucleotide databases indicate utility for thermodynamic calculations of DG o 37 values relevant to the stability of inter-or intra-molecular oligo-probe structures.
Another issue is why self-structure is a problem for the second group of oligonucleotides that can form more stable duplexes with RNA, but not a problem for oligonucleotides from the ®rst group that can form less stable duplexes with the target. The reason is probably that oligonucleotides from the second group are more frequently G + C-rich molecules (Table 2 ) and thus are more likely to adopt stable selfstructures. In contrast, oligonucleotides from the ®rst group that form the less stable duplexes with target RNA are less frequently G + C-rich, so the proportion of those with stable self-structures is rather small. As a result of this difference in composition, the proportion of oligonucleotides with stable self-structure is also much higher among those that form stable duplexes with RNA. A large proportion of highly structured oligonucleotides in the second group of molecules is related to strong, and statistically detectable, negative effects on antisense hit rate. Correspondingly, a small proportion of structured oligonucleotides in the ®rst group of molecules is related to undetectable negative effects on the hit rate.
Thermodynamic evaluations of both oligonucleotide intraand inter-molecular self-interacting properties are strongly correlated with each other. Steep trend line slopes of scatter plots (Fig. 4) , and highly signi®cant correlation coef®cients of 0.65 and 0.5, demonstrate this for both databases. Usually, if two variables are highly correlated, only one is suf®cient for predictive purposes. However, with antisense oligonucleotides, it was found that both thermodynamic criteria for selfstructure-forming potentials are simultaneously useful for ef®cient discrimination into categories that mainly contain either the most active molecules, or categories that contain the non-active ones.
Whether or not an oligo-probe will be a good antisense compound for a particular target also depends on the speci®city of DNA±RNA interactions. It is possible that an oligo-probe is in the optimal range of thermodynamic values described above, but can cross-hybridize with unintended RNA targets. The opposite situation, where the calculated thermodynamic value of a highly speci®c probe is outside the Nevertheless, the statistical results presented suggest that using values for the predicted stability of duplexes of oligonucleotides with their target RNA, and corresponding values for oligonucleotide self-structure, can dramatically increase the proportion of active antisense oligos in trial and error screening experiments. If oligonucleotides in the optimal range described above had been used, the`hit rate' would have been three times higher for the published data set and six times higher for the unpublished data from Isis Pharmaceuticals (Fig. 5) .
